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WASTE HEAT RECOVERY SYSTEM
GENERATOR ENCAPSULATION

BACKGROUND OF THE INVENTION

The subject matter disclosed herein relates to waste heat
recovery systems, and more specifically, to waste heat recov-
ery systems that employ nonpolar organic solvents as work-
ing fluids and that include one or more encapsulated genera-
tor components.

Waste heat recovery systems may be employed to recover
low-grade heat, such as heat with a temperature below
approximately 500° C., from industrial and commercial pro-
cesses and operations. For example, waste heat recovery sys-
tems may be employed to recover low-grade heat from hot
exhaust gases produced by gas turbines. Waste heat recovery
systems that implement an organic Rankine cycle (ORC) by
circulating an organic working fluid may be particularly etfi-
cient at recovering low-grade heat due to the relatively low
phase change enthalpies of organic working fluids.

In general, ORC systems may circulate an organic working,

fluid 1 a closed loop through a cycle of expansion and pres-
surization to convert heat into work. For example, the work-
ing fluid may be directed through a heat exchanger where the
working fluid may absorb heat from a heat source, such as
exhaust gas, to vaporize the working fluid. The vaporized
working tluid may then be expanded across a turbine to drive
a load, such as a generator, that produces electricity. The
expanded working fluid may then be directed to another heat
exchanger to condense the working fluid into a liquid. The
liquid working fluid may then be pressurized in a pump and
returned to the first heat exchanger. Typical ORC systems
may employ a refrigerant, such as R143a or R2431a, as the
organic working fluid and may operate at temperatures of
approximately 80° C. to 100° C. However, 1t may be desirable
to operate at higher cycle temperatures to increase the system
eificiency and power output.

In certain designs, the ORC systems may include an inte-
grated power module that houses the generator and turbine
within a single housing. Within the integrated power module,
the working fluid may flow through the turbine and then may
flow past and/or through the generator. Accordingly, certain
components of the generator may be exposed to the vaporized
working fluid.

BRIEF DESCRIPTION OF THE INVENTION

Certain embodiments commensurate in scope with the
originally claimed invention are summarized below. These
embodiments are not intended to limit the scope of the
claimed invention, but rather these embodiments are intended
only to provide a brief summary of possible forms of the
invention. Indeed, the invention may encompass a variety of
forms that may be similar to or different from the embodi-
ments set forth below.

In a first embodiment, a system includes a generator con-
figured to recerve a flow of an organic working fluid. The
generator mcludes a stator and a permanent magnet rotor
configured to rotate within the stator to generate electricity.
The generator further includes one or more components dis-
posed within the generator and configured to be exposed to
the flow of the organic working fluid. The one or more com-
ponents each include an underlying component, and a varnish
configured to withstand exposure to the organic working fluid
to 1nhibit contact between the underlying component and the
organic working fluid.
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2

In a second embodiment, a system includes a unitary cas-
ing, a turbine disposed 1n the unitary casing and configured to
expand an organic working tluid, and a generator disposed 1n
the unitary casing and configured to receive a tlow of the
organic working flmd exiting the turbine. The generator
includes a stator that includes electrical windings encapsu-
lated with an encapsulant configured to withstand exposure to
the organic working fluid to inhibit contact between the elec-
trical windings and the organic working tluid. The generator
also 1ncludes a permanent magnet rotor configured to rotate
within the stator to generate electricity.

In a third embodiment, a method includes disposing a
component of a generator within a mold and injecting an
encapsulant into the mold to encapsulate the component. The
generator 1s configured to receive a tlow of an organic work-
ing tluid, and the encapsulant 1s configured to withstand expo-
sure to the organic working fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the
present ivention will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 1s a diagrammatical representation of an embodi-
ment of a waste heat recovery system;

FIG. 2 1s a diagrammatical representation of another
embodiment ol a waste heat recovery system;

FIG. 3 1s a diagrammatical representation of a further
embodiment of a waste heat recovery system;

FIG. 4 15 a cross-sectional view of an embodiment of an
integrated power module that may be employed in the waste
heat recovery systems of FIG. 1, FIG. 2, and FIG. 3;

FIG. 5 1s a top view of an embodiment of a varnished stator
that may be employed in the integrated power module of FI1G.
4;

FIG. 6 15 a side perspective view of a portion of the var-
nished stator of FIG. 5 depicting the interior of an end turn;

FIG. 7 1s a perspective view ol an embodiment of a var-
nished magnetic bearing actuator that may be employed in the
integrated power module of FIG. 4;

FIG. 8 1s a cross-sectional view of an embodiment of a
varnished component that may be employed in the integrated
power module of FIG. 4;

FIG. 9 15 a flowchart depicting an embodiment of a manu-
facturing method for varnishing an integrated power module
component;

FIG. 10 1s aside view of an embodiment of an encapsulated
stator that may be employed 1n the integrated power module
of FIG. 4;

FIG. 11 1s a top view of the encapsulated stator of FIG. 10;

FIG. 12 1s a perspective view of an embodiment of an
encapsulated magnetic bearing actuator that may be
employed 1n the integrated power module of FIG. 4;

FIG. 13 15 a cross-sectional view of an embodiment of an
encapsulated component that may be employed in the inte-
grated power module of FIG. 4;

FIG. 14 1s a cross-sectional view of another embodiment of
an encapsulated component that may be employed in the
integrated power module of FI1G. 4; and

FIG. 15 1s a flowchart depicting an embodiment of a manu-
facturing method for encapsulating an integrated power mod-
ule component.
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DETAILED DESCRIPTION OF THE INVENTION

One or more specific embodiments of the present invention
will be described below. In an effort to provide a concise
description of these embodiments, all features of an actual
implementation may not be described 1n the specification. It
should be appreciated that in the development of any such
actual 1mplementation, as i1n any engineering or design
project, numerous implementation-specific decisions must be
made to achieve the developers’ specific goals, such as com-
pliance with system-related and business-related constraints,
which may vary from one implementation to another. More-

il

over, 1t should be appreciated that such a development effort
might be complex and time consuming, but would neverthe-
less be a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of
this disclosure.

When introducing elements of various embodiments of the
present invention, the articles “a,” “an,” “the,” and “said” are
intended to mean that there are one or more of the elements.

2 B Y ‘P

The terms “comprising,” “including,” and “having” are
intended to be inclusive and mean that there may be addi-
tional elements other than the listed elements.

The present disclosure 1s directed to waste heat recovery
systems that employ nonpolar organic solvents as working
fluids. Within the waste heat recovery systems, the nonpolar
organic solvents may be directed through integrated power
modules that include varnished and/or encapsulated compo-
nents designed to be compatible with the nonpolar organic
solvents at relatively high temperatures. The use of nonpolar
organic solvents as working fluids may enable the waste heat
recovery systems to operate at relatively higher cycle tem-
peratures (e.g., 180° C. to 250° C.) as compared to traditional
waste heat recovery systems that employ lower temperature
fluids, such as R134a or R2451a, and that operate at cycle
temperatures of approximately 80° C. to 120° C. According to
certain embodiments, the nonpolar organic solvents may
include toluene and/or cyclohexane. Further, the nonpolar
organic solvents may include nonpolar organic solvents with
a lower solubility than cyclohexane, such as propane, butane,
1sobutane, n-pentane, isopentane, isohexane, hexane, or com-
binations thereol, among others. The use of the nonpolar
organic solvents described herein may be particularly well-
suited to recovering heat 1n the low to intermediate tempera-
ture range of approximately 100° C. to 300° C., or more
specifically, approximately 150° C. to 250° C., and all sub-
ranges therebetween.

The waste heat recovery systems may include multiple
organic Rankine cycle (ORC) systems arranged 1n a cascade
configuration, with each consecutive ORC system operating
at a lower cycle temperature than the preceding ORC system.
Each ORC system may direct the working fluid through a
cycle of expansion and pressurization to convert waste heat to
clectricity. In particular, each ORC system may include an
integrated power module that includes a turbine and a gen-
erator within a single, unitary housing. The working fluid may
enter the integrated power module 1n the vapor phase and may
be expanded as 1t flows through the turbine, which 1n turn may
drive the generator to produce electricity. The working flmid
exiting the turbine may then be directed past components of
the generator to provide cooling for the generator. Further, in
certain embodiments, a portion of the working fluid, such as
the working fluid that flows through the seals, may bypass the
turbine and join with the working fluid exiting the turbine.
The bypass working fluid also may be used to provide cooling
tor the generator.
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Accordingly, the interior components of the integrated
power module may be designed to be compatible with the
working fluid that flows through the integrated power module
at elevated temperatures. For example, according to certain
embodiments, one or more components, such as the stator
winding, bearing actuators, or sensors, may be varnished
and/or encapsulated with a protective coating that inhibits
contact of the working fluid with the components. Rather than
traditional varnishes that may swell or dissolve when exposed
to the organic working fluid at elevated temperatures (e.g.,
approximately 150° C. to 300° C.), the protective coatings
may be designed to withstand exposure to the organic work-
ing fluid at elevated temperatures. Further, in certain embodi-
ments, when applied to stator electrical windings and/or the
actuator electrical windings, the protective components also
may be designed to secure the windings within their respec-
tive slots to impede vibration and coil abrasion.

FIG. 1 depicts a waste heat recovery system 10 that may
employ nonpolar organic solvents as working fluids to con-
vert waste heat to electricity. Further, the waste heat recovery
system 10 may include components that are varnished and/or
encapsulated with a protective coating to impede contact of
these components with the working fluids. The waste heat
recovery system 10 may recover heat from a heat source 12.
According to certain embodiments, the heat source 12 may be
exhaust gas generated by a gas turbine engine, micro-turbine,
reciprocating engine, or geothermal, solar thermal, industrial,
chemical or petrochemical processing, or residential heat
source. However, 1n other embodiments, the heat source 12
may be provided by any suitable power generation system
that produces waste heat, which can be at temperatures as
high as 500° C.

The waste heat recovery system 10 includes multiple ORC
systems 14, 16, and 18 arranged 1n a high efliciency cascade
configuration to transier heat between the ORC systems.
Each ORC system 14, 16, and 18 may include a closed loop
that circulates a working tluid through a Rankine cycle within
the ORC system 14, 16, or 18. The high temperature ORC
system 14 may recerve heat from the heat source 12 to vapor-
1ze the working tluid within the ORC system 14. Heat from
the high temperature ORC system 14 may then be transterred
to the intermediate temperature ORC system 16 to vaporize
the working fluid within the intermediate temperature ORC
system 16. Moreover, heat from the intermediate temperature
ORC system 16 may then be transierred to the low tempera-
ture ORC system 18 to vaporize the working fluid within the
low temperature ORC system 18.

Each ORC system 14, 16, and 18 may circulate a nonpolar
organic working fluid within a closed loop. According to
certain embodiments, the working fluids employed 1n the
ORC systems 14 and 16 may be high temperature nonpolar
organic working fluids, such as toluene, siloxanes, thiophene,
hydrocarbon refrigerants, or other suitable high temperature
nonpolar organic working tluids. Further, 1in certain embodi-
ments, each ORC system 14 and 16 may circulate a different
working fluid. For example, the working flmd employed
within the high temperature ORC system 14 may have a
condensation temperature that 1s greater than the boiling
point of the working fluid employed within intermediate tem-
perature ORC system 16. However, 1n other embodiments,
the ORC systems 14 and 16 may both employ the same
working fluid.

The working fluid employed 1n the low temperature ORC
system 18 may be a low temperature nonpolar organic work-
ing fluid, as compared to the working fluids employed 1n the
high temperature and intermediate temperature ORC systems
14 and 16. For example, the working tluid employed within
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the low temperature ORC system 18 may be a nonpolar
organic solvent that has a boiling point that 1s lower than the
condensation temperature of the working flmd employed
within the intermediate temperature ORC system 16. Accord-
ing to certain embodiments, the working fluid employed 1n
the ORC system 18 may include cyclohexane. However, in
other embodiments, any other suitable low temperature non-
polar organic solvent may be employed, such as propane,
butane, 1sopentane, 1sobutane, cyclohexane-propane, cyclo-
hexane-butane, cyclopentane-butane, or cyclopentane-pen-
tatluoropropane, among others. In certain embodiments, the
working fluid employed 1n the low temperature ORC system
18 may include a nonpolar organic solvent that has a solubil-
ity that 1s less than or equal to the solubility of cyclohexane,
as measured by the Hildebrand solubility parameters. For
example, the working fluid may include propane, butane,
1sobutane, n-pentane, 1sopentane, 1Isohexane, hexane, or com-
binations thereof, among others. According to certain
embodiments, the ORC system 18 may employ a nonpolar
organic solvent with a critical temperature of approximately
100 to 300° C. to facilitate the recovery of waste heat 1n the
temperature range of approximately 150 to 250° C. As may be
appreciated the imndividual working fluids used within each
ORC system 14, 16, and 18 may depend on parameters, such
as the temperature of the heat source 12 and the size and type
of equipment included within the ORC systems, among oth-
ers.

Each ORC system 14, 16, and 18 includes an integrated
power module 20, 22, or 24 that converts heat to electricity.
Each integrated power module 20, 22, and 24 includes a
turbine 26, 28, or 30 and a generator 32, 34, or 36 contained
in a single, unitary housing. According to certain embodi-
ments, the turbine 26, 28, or 30 and the generator 32, 34, or 36
of each integrated power module 20, 22, and 24 may be
contained within a hermetically sealed housing without a
shaft seal. In these embodiments, no external shaft seals may
be employed; however, internal seals may be employed to
form a boundary between the high-pressure and low-pressure
sides of the turbine. Further, in certain embodiments, the
turbines 26, 28, and 30 may include radial turbines, and the
generators 32, 34, and 36 may include high speed, permanent
magnet generators. However, in other embodiments, other
suitable types of turbines and/or generators may be
employed. Vapor phase working fluid may enter each inte-
grated power module 20, 22, and 24 and expand as it flows
through the turbine 26, 28, or 30 to drive the generator 32, 34,
or 36, as discussed further below with respect to FIG. 4.
Further, in certain embodiments, a portion of the working
fluid may bypass the turbine, tlow through the internal seals,
and then join with the working flmid exiting the turbine. The
bypass working fluid and the working fluid exiting the turbine
may provide cooling for the generator.

The high temperature ORC system 14 includes a heat
exchanger 38 that transiers heat from the heat source 12 to the
working fluid tlowing through the heat exchanger 38. Accord-
ing to certain embodiments, the heat exchanger 38 may be
designed to directly transier heat from the heat source 12 to
the working fluid. For example, the heat exchanger 38 may be
a boiler that receives exhaust gas from the heat source 12 and
transier heat from the exhaust gas to the working fluid flowing
through tubes within the heat exchanger 38. In these embodi-
ments, the cooled exhaust gas exiting the heat exchanger 38
may be directed to a vent control system 40 that regulates
release of the cooled exhaust gas to the environment. How-
ever, 1n other embodiments, the heat exchanger may be
designed to recerve an intermediate fluid, such as thermal o1l,
that has been heated by the heat source 12. In these embodi-
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ments, the heat exchanger may be a shell and tube heat
exchanger, shell and plate heat exchanger, or the like, that
transiers heat from the intermediate fluid to the working tluid
flowing through the heat exchanger 38.

Within the heat exchanger 38, the working fluid may
absorb heat from the heat source to vaporize the working
fluid. In certain embodiments, the working fluid may be
heated to a temperature of approximately 400° C. Upon exit-
ing the heat exchanger 38, the vapor phase working fluid may
then tlow to the integrated power module 20. Within the
integrated power module 20, the working fluid may be
expanded as it flows through the turbine 26 to drive the
generator 32. For example, as the working fluid expands, the
working fluid may rotate blades or a wheel of the turbine,
which may be coupled to the generator 32. The expanded
working fluid may exit the turbine 26 as a low temperature
and pressure vapor that flows past and/or through the genera-
tor 32 to exit the integrated power module 20.

From the integrated power module 20, the working fluid
may enter a heat exchanger 42 as a low temperature and
pressure vapor. The heat exchanger 42 circulates the working
fluid of the high temperature ORC system 14, as well as the
working fluid of the mntermediate temperature ORC system
16. Accordingly, the heat exchanger 42 may be a shared heat
exchanger that 1s common to both the high temperature ORC
system 14 and the intermediate temperature ORC system 16.
Within the heat exchanger 42, the working fluid of the high
temperature ORC system 14 may transier heat to the working
fluid of the intermediate temperature ORC system 16 to con-
dense the working fluid of the high temperature ORC system
14 1nto a liquid. The liquid phase working fluid may then flow
through a pump 44 that pressurizes the working fluid and
circulates the working fluid within the ORC system 14. From
the pump 44, the working fluid may then return to the heat
exchanger 38 where the cycle may begin again.

Through the shared heat exchanger 42, the working fluid
flowing within the high temperature ORC system 14 may
transier heat to the working fluid flowing within the interme-
diate temperature ORC system 16. Specifically, as the work-
ing fluid of the mtermediate temperature ORC system 16
flows through the shared heat exchanger 42, the working tluid
of the intermediate temperature ORC system 16 may absorb
heat from the working fluid of the high temperature ORC
system 14 to vaporize the working fluid of the intermediate
ORC system 16. In certain embodiments, the working fluid
may be heated to a temperature of approximately 300° C. The
vapor phase working fluild may then enter the integrated
power module 22 where the working fluid may be expanded
as 1t flows through the turbine 28 to drive the generator 34.
The expanded working fluid may exit the turbine 28 as a low
temperature and pressure vapor that tlows past and/or through
the generator 34 to exit the integrated power module 22.

From the integrated power module 22, the working fluid
may enter a heat exchanger 46 as a low temperature and
pressure vapor. The heat exchanger 46 circulates the working
fluid of the intermediate temperature ORC system 16, as well
as the working fluid of the low temperature ORC system 18.
Accordingly, the heat exchanger 46 may be a shared heat
exchanger that 1s common to both the intermediate tempera-
ture ORC system 16 and the low temperature ORC system 18.
Within the heat exchanger 46, the working fluid of the inter-
mediate temperature ORC system 16 may transier heat to the
working fluid of the low temperature ORC system 18 to
condense the working fluid of the intermediate temperature
ORC system 16 into a liquid. The liquid phase working tfluid
may then tlow through a pump 48 that pressurizes the work-
ing flmd and circulates the working fluid within the ORC
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system 16. From the pump 48, the working fluid may then
return to the heat exchanger 42 where the cycle may begin
again.

Through the shared heat exchanger 46, the working fluid
flowing within the intermediate temperature ORC system 16
may transier heat to the working fluid flowing within the low
ORC system 18. Specifically, as the working fluid of the low
temperature ORC system 18 flows through the shared heat
exchanger 46, the working fluid of the low temperature ORC
system 18 may absorb heat from the working fluid of the
intermediate temperature ORC system 16 to vaporize the
working fluid of the low temperature ORC system 18. In
certain embodiments, the working fluid may be heated to a
temperature of approximately 200° C. The vapor phase work-
ing fluid may then enter the integrated power module 24
where the working fluid may be expanded as 1t tlows through
the turbine 30 to drive the generator 36. According to certain
embodiments, the temperature of the working fluid entering
the integrated power module 24 may be greater than approxi-
mately 150° C. to 200° C., and all subranges therebetween.
More specifically, the temperature of the working tluid enter-
ing the integrated power module 24 may be greater than
approximately 150° C. to 180° C., and all subranges therebe-
tween. The expanded working fluid may then exit the turbine
30 as a low temperature and pressure vapor that flows past
and/or through the generator 36 to exit the integrated power
module 24.

From the integrated power module 24, the working fluid
may flow through a heat exchanger 50 where the working
fluid may be condensed by a cooling fluid circulated through
the heat exchanger 50 by a cooling system 52. According to
certain embodiments, the cooling system 32 may circulate a
cooling tluid, such as water, to the heat exchanger 50 from a
cooling tower or cooling reservoir. Further, 1n other embodi-
ments, the cooling system 52 may be a cooling system, such
as a chilled water system, used 1n other areas of the process or
facility that includes the heat source 12. Moreover, 1n yet
other embodiments, the heat exchanger 50 may be an air-to-
liquid heat exchanger and the cooling system 52 may 1nclude
a fan and motor that draw ambient air across the heat
exchanger 50.

The liquid phase working tluid exiting the heat exchanger
50 may then flow through a pump 54 that pressurizes the
working fluid and circulates the working fluid within the ORC
system 18. From the pump 54, the working fluid may return to
the heat exchanger 46 where the cycle may begin again.

The cascade arrangement of the ORC systems 14, 16, and
18 may generally allow an increased amount of heat recovery
over a larger temperature range, as compared to non-cascade
systems. For example, the high temperature ORC system 14
may allow recovery of heat in higher temperature ranges,
such as approximately 350 to 500° C., while the intermediate
temperature ORC system 16 may allow recovery of heat in
intermediate temperature ranges, such as approximately 250°
C. to 350° C. Further, the low temperature ORC system 18
may allow recovery of heat 1n low to intermediate tempera-
ture ranges, such as approximately 150° C. to 250° C. As
discussed above, the low temperature ORC system 18 may
employ a nonpolar organic solvent as the working fluid to
facilitate the recovery of heat 1n the low to intermediate tem-
perature range. According to certain embodiments, the non-
polar organic solvent may have a critical temperature in the
range of approximately 100° C. to 300° C., and may have a
solubility that 1s less than or equal to the solubility of cyclo-
hexane, as measured by the Hildebrand solubility parameters.
As may be appreciated, the temperature ranges are provided
by way of example, and are not meant to be limiting. In other
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embodiments, the temperatures existing 1n each ORC system
14, 16, and 18 may vary depending on factors, such as they
type of the heat source provided, the temperature of the heat
source 12, and the number of ORC systems included within
the waste heat recovery system, among others.

As may be appreciated, additional equipment such as
pumps, valves, control circuitry, pressure and/or temperature
transducers or switches, among others may be included
within the waste heat recovery system 10. For example, each
heat exchanger 38, 42, 46, and 50 may include a pressure
relief valve or vent. Furthermore, the types of equipment
included within the waste heat recovery system 10 may vary.
For example, according to certain embodiments, the heat
exchangers 38, 42, 46, and 50 may include shell and tube heat
exchangers, fin and tube heat exchangers, plate heat exchang-
ers, plate and shell heat exchangers, or combinations thereot,
among others. Moreover, 1n other embodiments, additional
ORC systems may be included within the waste heat recovery
system to allow the recovery of waste heat at additional tem-
peratures. Further, in certain embodiments, any number of
ORC systems, such as 2, 3, 4, 5, or more ORC systems, may
be arranged 1n a cascade configuration.

FIG. 2 depicts another embodiment of a waste heat recov-
ery system 56. The waste heat recovery system 36 may be
generally similar to the waste heat recovery system 10
described above with respect to FIG. 1. However, rather than
including three ORC systems as shown 1n FIG. 1, the waste
heat recovery system 36 includes five ORC systems that allow
the recovery of heat in additional temperature ranges.

The waste heat recovery system 56 includes the ORC sys-
tems 14, 16, and 18, which may operate 1n a manner generally
similar to that described above with respect to FIG. 1. Further,
the waste heat recovery system 36 includes two additional
ORC systems 38 and 60 that allow the recovery of heat 1n
additional temperature ranges. For example, the ORC system
58 may allow recovery of heat 1n lower temperature ranges,
such as approximately 100° C. to 150° C., while the ORC
system 60 may facilitate recovery of heat 1n even lower tem-
perature ranges, such as approximately 50° C. to 100° C.

The working fluid employed 1n the ORC system 38 may be
a lower temperature nonpolar organic working fluid, as com-
pared to the working fluids employed in the ORC systems 14,
16, and 18. For example, the working fluid employed within
the ORC system 58 may be a nonpolar organic solvent that
has a boiling point that 1s lower than the condensation tem-
perature of the working fluid employed within the low tem-
perature ORC system 18. According to certain embodiments,
the working fluid employed in the ORC system 58 may
include butane, propane, or other nonpolar organic solvents
that have a solubility that 1s less than or equal to the solubility
of cyclohexane, as measured by the Hildebrand solubility
parameters.

The working flud employed 1n the ORC system 60 may be
a lower temperature nonpolar organic working fluid, as com-
pared to the working fluids employed in the ORC systems 14,
16, 18, and 58. For example, the working fluid employed
within the ORC system 60 may be a nonpolar organic work-
ing fluid that has a boiling point that 1s lower than the con-
densation temperature of the working fluid employed within
the low temperature ORC system 58. According to certain
embodiments, the working fluid employed in the ORC system
60 may include R245ca, R245fa, R134a, R123, or R2361a,
among others.

Each ORC system 58 and 60 includes an integrated power
module 62 or 64 that converts heat to electricity, 1n a manner
similar to that described above with respect to the integrated
power modules 20, 22, and 24 (FIG. 1). Fach integrated
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power module 60 and 62 includes a turbine 66 or 68 and a
generator 70 or 72 contained 1n a single, unitary housing.
According to certain embodiments, the turbines 66 and 68
may include radial turbines, and the generators 70 and 72 may
include high speed, permanent magnet generators. However,
in other embodiments, other suitable types of turbines and/or
generators may be employed.

The ORC system 58 recerves heat from the ORC system 18
through the shared heat exchanger 50. In particular, within the
heat exchanger 50, the working tluid of the ORC system 18
may transier heat to the working fluid flowing within the ORC
system 58. Accordingly, 1n the embodiment shown 1n FIG. 2,
the working fluid of the ORC system 18 1s condensed by
transierring heat to the working fluid of the ORC system 58,
rather than by transferring heat to a cooling fluid as shown 1n
FIG. 1. Further, as the working fluid of the ORC system 58
absorbs heat from the working fluid of the ORC system 18,
the working fluid of the ORC system 38 i1s vaporized. In
certain embodiments, the working fluid may be heated to a
temperature of approximately 150° C. The vapor phase work-
ing tluid may then enter the integrated power module 62
where the working fluid may be expanded as it flows through
the turbine 66 to drive the generator 70. The expanded
ing fluid may exit the turbine 66 as a low temperature and
pressure vapor that tlows past and/or through the generator 70
to exit the integrated power module 62.

From the integrated power module 62, the working fluid
may enter a heat exchanger 74 as a low temperature and
pressure vapor. The heat exchanger 74 circulates the working
fluid from the ORC system 58, as well as the working fluid
from the ORC system 60. Accordingly, the heat exchanger 74
may be a shared heat exchanger that 1s common to both the
ORC system 58 and the ORC system 60. Within the heat
exchanger 74, the working fluid of the ORC system 58 may
transier heat to the working tluid of the lowest temperature
ORC system 60 to condense the working fluid of the ORC
system 38 mnto a liquid. The liquid phase working fluid may
then tlow through a pump 76 that pressurizes the working,
fluid and circulates the working fluid within the ORC system
58. From the pump 76, the working tluid may return to the
heat exchanger 50 where the cycle may begin again.

Through the shared heat exchanger 74, the working fluid
flowing within the ORC system 38 may transfer heat to the
working fluid flowing within the lowest temperature ORC
system 60. Specifically, as the working fluid of the lowest
temperature ORC system 60 tlows through the shared heat
exchanger 74, the working fluid of the lowest temperature
ORC system 60 may absorb heat from the working fluid of the
ORC system 58 to vaporize the working fluid of the lowest
temperature ORC system 60. In certain embodiments, the
working fluid may be heated to a temperature ol approxi-
mately 100° C. The vapor phase working fluid may then enter
the integrated power module 64 where the working fluid may
be expanded as 1t flows through the turbine 68 to drive the
generator 72. The expanded working tluid may exit the tur-
bine 68 as a low temperature and pressure vapor that flows
past and/or through the generator 72 to exit the integrated
power module 64.

From the integrated power module 64, the working fluid
may tlow through a heat exchanger 78 where the working
fluid may be condensed by a cooling fluid that 1s circulated
through the heat exchanger 78 by a cooling system 80.
According to certain embodiments, the cooling system 80
may circulate a cooling fluid, such as water, to the heat
exchanger 78 from a cooling tower or cooling reservoir. Fur-
ther, 1n other embodiments, the cooling system 80 may be a
cooling system, such as a chulled water system, used 1n other
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areas of the process or facility that includes the heat source 12.
Moreover, 1n yet other embodiments, the heat exchanger 78
may be an air-to-liquid heat exchanger and the cooling system
80 may include a fan and motor that draw ambient air across
the heat exchanger 78.

The liquid phase working fluid exiting the heat exchanger
78 may then flow through a pump 82 that pressurizes the
working fluid and circulates the working tluid within the ORC
system 60. From the pump 82, the working fluid may return to
the heat exchanger 74 where the cycle may begin again.

FIG. 3 depicts another embodiment of a waste heat recov-
cry system 84. The waste heat recovery system 84 includes
five ORC systems 86, 88, 90, 92, and 94 that operate 1n a
manner generally similar to the ORC systems 14, 16, 18, 58,
and 60 that are described above with respect to FIG. 2. How-
ever, the ORC systems 86, 88,90 and 92 each may include an
additional heat exchanger 96, 98, 100, and 102 disposed
downstream of the integrated power module 20, 22, 24, or 62.
The additional heat exchangers 96, 98, 100, and 102 also may
be disposed upstream of the shared heat exchangers 42, 46,
50, and 74. The lowest temperature ORC system 94 also
includes a heat exchanger 104 with a cooling system 114
designed to condense the working tluid flowing through the
heat exchanger 104, 1n a manner similar to the cooling system
80, described above with respect to FIG. 2.

Each ofthe additional heat exchangers 96, 98,100, and 102
may be designed to cool a portion 97, 99, 101, and 103 of the
working tluid exiting the integrated power module 20, 22, 24,
and 62. For example, within each ORC system 86, 88, 90, and
92, the working fluid exiting the integrated power module 20,
22, 24, and 62 may be split into a first portion 105, 107, 109,
or 111 that 1s directed to the shared heat exchanger 42, 46, 50,
or 74, and a second portion 97, 99, 101, or 103 that 1s directed
to the additional heat exchanger 96, 98, 100 or 102. Each
additional heat exchanger 96, 98, 100, or 102 circulates a
cooling tluid from a cooling system 106, 108, 110, or 112 to
cool the portion 97, 99, 101, or 103 of the working fluid. As
shown 1n FIG. 3, the cooling systems 106, 108, 110, and 112
are separate cooling systems. However, 1in other embodi-
ments, two or more of the cooling systems 106, 108, 110, and
112 may be part of a larger overall cooling system that pro-
vides cooling fluid to multiple heat exchangers 96, 98, 100,
and 102. According to certain embodiments, the cooling sys-
tems 106, 108, 110, and 112 may be designed to cool the
portion 97, 99, 101, or 103 of the working fluid by at least
approximately 10-30° C., and all subranges therebetween.

The cooled portion 97, 99, 101, or 103 of the working fluid
may then be directed to the integrated power module 20, 22,
24, or 62 to provide additional cooling for components of the
generator 32, 34, 36, or 70, such as the windings and/or
magnetic bearings, among others. Further, in certain embodi-
ments, the cooled portion 97, 99, 101, or 103 of the working
fluid may be designed to 1nhibit flow of the hotter working
fluid exiting the turbine 26, 28, 30, or 66 towards certain
components of the generator 32, 34, 36, or 70. Within the
integrated power module 20, 22, 24, or 62, the cooled portion
97,99,101, or 103 of the working fluid may combine with the
working fluid exiting the turbine 26, 28, 30, or 36 to form a
single flow of working fluid that exits the integrated power
module 20, 22, 24, or 62.

As shown 1n FI1G. 3, the ORC systems 86, 88, 90, and 92
cach include an additional heat exchanger 96, 98, 100, or 102
and cooling system 106, 108, 110, or 112. However, in other
embodiments, one or more of the additional heat exchangers
96, 98, 100, or 102 and cooling systems 106, 108, 110, or 112
may be omitted. Further, 1n certain embodiments, the ORC
system 94 may include an additional heat exchanger and
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associated cooling system designed to cool a portion of the
working tluid that exits the integrated power module 64.

FIG. 4 depicts an embodiment of the mtegrated power
module 24 that may be employed in the ORC system 18.
Although the integrated power module shown 1n FIG. 4 1s
described herein in the context of the integrated power mod-
ule 24 employed 1n the ORC system 18, one or more of the
other integrated power modules 20, 22, 62, and 64 may
employ a similar design. Accordingly, the integrated power
module shown 1n FIG. 4 may be employed 1n one or more of
the other ORC systems 14, 16, 58, 60, 86, 88, 90, 92, and 94.

The itegrated power module 24 includes the turbine 30
and the generator 36, described above with respect to FIG. 1,
which are disposed within a casing 116. An inlet conduit 118
and an outlet conduit 120 are coupled to the casing 116 to
direct the working tluid 1nto and out of the integrated power
module 24, respectively. A bearing frame 122 may be
mounted between the inlet conduit 118 and the casing 116 and
allixed by fasteners 126 that may extend through the inlet
conduit 118, the bearing frame 122, and the casing 116.
Similarly, a bearing frame 124 may be mounted between the
outlet conduit 120 and the casing 116 and aifixed by fasteners
126 that may extend through the outlet conduit 120, the
bearing frame 124, and the casing 116.

Radial magnetic bearings 128 and 130 may be mounted on
the bearing frames 122 and 124 to rotatably support the tur-
bine 30 and a rotor 132 of the generator 36 within the casing
116. For example, the radial magnetic bearings 128 and 130
may support a shait 134 that couples the turbine 30 to the
high-speed permanent magnet (PM) rotor 132. Radial sensor
assemblies 129 and 131 may be employed to detect the radial
position of the PM rotor132. The bearing frames 122 and 124
also may support backup bearings 136 and 138 that may be
employed to support the shait 134 when the radial magnetic
bearings 128 and 130 are unavailable, for example, due to a
power outage. Further, the bearing frame 122 also may sup-
port axial bearings 140 that support the turbine 30 and rotor
132 in the axial direction. A sensor assembly 141 may be
employed to detect the axial position of the rotor 132. As
shown 1n FIG. 4, the bearings 128, 130, and 140 may include
magnetic bearings. However, in other embodiments, the bear-
ings 128 and 130 may include ball bearings, needle bearings,
or journal bearings, among others.

The vapor phase working fluid may enter the integrated
power module 24 through the inlet conduit 118 and may flow
through the integrated power module 24 as generally 1ndi-
cated by arrows 142. According to certain embodiments, the
working fluid may enter the integrated power module 24 at a
temperature greater than approximately 150° C. to 180° C.,
and all subranges therebetween, and a pressure greater than or
equal to approximately 8 bar. A diverter cone 144 may be
disposed within the inlet conduit 118 to direct the working
fluid through an inducer channel 146 to the turbine 30. The
vapor phase working fluid may expand as 1t flows through the
turbine 30, which in turn may rotate a wheel 147 of the turbine
30. The expanded working fluid may then exit the turbine 30
and flow through an exhaust conduit 148 towards the genera-
tor 36. According to certain embodiments, the working fluid
exiting the turbine 30 may have a temperature greater than
approximately 130 to 130° C., and all subranges therebe-
tween, and a pressure greater than or equal to approximately
2 bar.

As disclosed above, the turbine 30 may be coupled to the
generator 36, for example, by the shatt 134. Accordingly, as
the turbine wheel 147 rotates, the PM rotor 132 of the gen-
erator 36 rotates synchronously to drive the generator 136.
For example, permanent magnets disposed within the rotor
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132 may rotate along with the rotor 132 within a stator 150
that includes magnetic windings 152 to generate electricity.
End turns 153 (e.g., end windings), which are portions of the
windings 152, may extend beyond the stator 150. The stator
150 may be disposed circumierentially about the rotor 132,
and may generally encircle the rotor 132. According to certain
embodiments, the electricity produced by the generator 36
may be transferred to an electronics package disposed outside
of the casing 116 to produce electrical power. The electrical
power may be AC or DC power that may be employed to
power a standalone machine or facility or that may be pro-
vided to a power grid. According to certain embodiments,

approximately 1 to 300 kW of power may be produced by the
integrated power module 24.

The generator 36 also includes a stator casing 154, such as

a laminate stack, that can be employed to mount the windings
152 within the stator 150. As discussed further below with
respect to FIG. 6, the casing 154 may include slots for recerv-
ing the windings 152 within the stator 150. Further, the casing
154 may enclose outer portions of the generator 36. The
working fluid may flow along the casing 154 within the casing
116 of the integrated power module 124 to provide cooling for
the generator 36. Further, the working fluid may flow through
the generator between the stator 150 and the rotor 132. In
particular, the working fluid may flow between the rotor 132
and the windings 152. Moreover, in certain embodiments, 1n
addition to recetving tlow of the working fluid from the tur-
bine 30, the generator 36 may receive working tluid diverted
from another portion of the ORC system 18. For example, 1n
certain embodiments, a portion of the working fluid exiting
the heat exchanger 50 (e.g., between heat the exchanger 50
and the pump 54 or between the pump 54 and the heat
exchanger 46) may be directed to the generator 36 to provide
cooling and/or sealing. In these embodiments, the protective
coatings described herein also may be designed to withstand
exposure to the organic working tluid diverted to the genera-
tor 36 from another part of the ORC system 18.

According to certain embodiments, the temperature of the
working fluid within the integrated power module 24 may
range from approximately 130° C. to 250° C., or more spe-
cifically between approximately 145° C. and 180° C., and all
subranges therebetween. At these elevated temperatures, the
nonpolar organic solvents that are employed in the ORC
system 18 may degrade components of the generator 36, such
as the electrical windings 152. Accordingly, as discussed
turther below with respect to F1IGS. 6-15, the electrical wind-
ings 152 may be varnished and/or encapsulated to 1nhibat
contact of the working fluid with the windings 152. Further,
the protective coating may be disposed between the windings
152 and/or within slots of the casing 154 to provide insulation
and 1nhibit vibration, 1n addition to inhibiting contact of the
working fluid with the windings 152. According to certain
embodiments, the end turns 153 may be disposed within the
hottest portion of the integrated power module 24, and, 1n
certain embodiments, the working fluid may flow past the end
turns 153 at temperatures of approximately 180° C. to 200°
C., and all subranges therebetween. Accordingly, the end
windings 153 may be varnished and/or encapsulated to inhibit
contact of the working fluid with the end turns 153. Moreover,
other components within the mtegrated power module also
may be varnished and/or encapsulated. For example, as dis-
cussed further below, actuators of the radial magnetic bear-
ings 128 and 130, thrust coils of the axial bearings 140, or
portions of the sensor assemblies 129, 131, and 141 may be
varnished and/or encapsulated with a protective coating to
inhibit contact of the working tluid with these components.
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In addition to flowing through the generator 36, the work-
ing fluid may be directed between the generator and the
casing 116 by fins 158 that may be disposed along the interior
of the casing 116. The fins may direct the working fluid
towards the outlet conduit 120. A diverter cone 160 may be
included within the outlet conduit 120 to direct the working
fluid towards the exit of the integrated power module 24.

As described below with respect to FIGS. 5-9, one or more
components employed in the integrated power modules 20,
22, 24, 62, and 64 may be impregnated with a protective
varnish that resists the hot working fluid to inhibit contact of
the working fluid with the components. Although compo-
nents of any of the integrated power modules 20, 22, 24, 62,
and 64 may be varnished, the varnishing techniques described
herein may be particularly well-suited to protecting compo-
nents disposed within integrated power modules that receive
nonpolar organic working tluids, such as toluene or cyclohex-
ane, at elevated temperatures ol approximately 150° C. to
250° C.

FIGS. 5 and 6 depict an embodiment of a stator 150 that has
been varnished. As shown 1n FIG. 5, the winding end turns
153 extend from opposite ends of the stator casing 154. Lead
wires 162, which may be insulated with tubing, extend from
an end turn 153 and may extend through the casing 116 (FIG.
4). The end turns 153 may be wrapped with a cloth 164, such
as an electrical grade fiberglass cloth, and impregnated with a
varnish 166. According to certain embodiments, the windings
152 (FIG. 6) that extend beyond end surfaces 165 of the stator
casing 154 may be wrapped in the cloth 164. The varnish 166
may then be applied to the cloth 164, as discussed further
below with respect to FIG. 9. However, 1in other embodi-
ments, the cloth 164 may be omitted and the varnish 166 may
be applied directly to the windings 152. As shown 1n FIG. 5,
the exterior surfaces of the end turns 153 that extend beyond
the stator casing 154 may be varnished.

FI1G. 6 1s a side perspective view of the stator 150 depicting,
the 1interior end of the stator 150 as viewed through the right
end turn 153. As shown 1n FIG. 6, the interior surfaces of the
end turns 153 also may be varnished. For example, the varnish
166 may be disposed on the cloth 164 that wraps around the
end turns 153. Further, the windings 152 that extend within
the interior opening 169 of the stator casing 154 also may be
varnished. For example, the windings 152 may be disposed
within slots 168 in the interior surface of the stator casing 154.
In certain embodiments, the varnish 166 may bind the wind-
ings 152 within the slots 168 to inhibit vibration and coil
abrasion. For example, the varnish 166 may be disposed
around the windings 152 within the slots 168, and between
the windings 152 and the interior surfaces of the slots 168, to
secure the windings 152 within the slots 168.

FI1G. 7 depicts an embodiment of another integrated power
module component that may be varnished. In particular, FIG.
7 depicts a bearing actuator 170 that may be part of a radial
magnetic bearing 128 or 130. The bearing actuator 170
includes a bearing stator 172 that may be disposed around a
rotor (not shown) of the bearing 128 or 130. The bearing
actuator 170 also includes an mnner ring 174 that supports
clectromagnetic coils 176, which may include copper wires
insulated with a high temperature and pulse endurance 1nsu-
lating film of an approximately 2 mil (0.0002 inch) build. For
example, the electromagnetic coils 176 may be wrapped
around slots of the inner ring 174. The varnish 166 may be
applied to the electromagnetic coils 176 to inhibit contact
between the coils 176 and the working fluid. Further, 1n cer-
tain embodiments, the varnish 166 may bind the coils 176
within slots of the inner ring 174 to inhibit vibration and coil
abrasion.
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FIG. 8 1s a cross-sectional view of an embodiment of a
varnished component 178. The varnished component 178
includes an mtegrated power module component 180 that has
been wrapped 1in cloth 164 and impregnated with varnish 166.
According to certain embodiments, the component 180 may
include stator windings 152. In these embodiments, the com-
ponent 180 may include copper wire coated with high-tem-
perature, pulse-endurance enamels, such as, but not limited
to, a nanocomposite polyamide-imide and polyester combi-
nation or a nanocomposite polyamide-imide and polyestera-
mide combination. In certain embodiments, for example,
where the component 180 includes windings of an end turn
153, the component 180 may be wrapped in cloth 164, which
in certain embodiments, may be an electrical grade fiberglass
cloth. However, 1n other embodiments, the cloth 164 may be
omitted and the varnish 166 may be disposed directly on the
component 180 through impregnation or vacuum-impregna-
tion. In other embodiments, the component 180 may include
clectromagnetic coils 176 of a bearing actuator 170. Further,
in yet other embodiments, the component may include a
thrust coil of an actuator for an axial magnetic bearing 140
(F1G. 4), a component of a sensor assembly 129, 131, or 141,
or another suitable component of an integrated power module
that 1s exposed to a nonpolar organic working fluid at an
clevated temperature.

The varnish 166 may be a high performance aromatic
epoxy compound that 1s vacuum impregnable and compatible
with nonpolar organic working fluids, such as toluene and/or
cyclohexane, at elevated temperatures of approximately 100°
C. to 300° C., or more specifically, approximately 150° C. to
250° C. For example, the varnish 166 may include an epoxy
resin, a reactive diluent, and a catalyst. The epoxy resin may
have single or multiple aromatic rings 1n 1ts backbone and
may be epoxidized with epichlorohydrin or an epichlorohy-
drin dervative. For example, the epoxy resin may be epoxi-
dized with a phenol formaldehyde resin, such as a Novolac
resin or phenolic resin. In certain embodiments, the Novolac
resin may have 3-7 repeating units, an equivalent weight of
approximately 176-210 mol/equivalent, and an average func-
tionality of 2-4. According to certain embodiments, the epoxy
resinmay be a Bisphenol A or Bisphenol F based benzoxazine
epoxidized resin built on substituted alkyl phenol resin mol-
ecules (e.g., a cresol formaldehyde phenolic-epoxy resin), or
built on phenol formaldehyde Novolac epoxy resin mol-
ecules.

In certain embodiments, the varnish 166 may include at
least approximately 50% by weight of epoxy resin, at least
approximately 10% by weight of epichlorohydrin or an
epichlorohydrin derivative, at least approximately 15% by
weilght of a reactive diluent, and less than approximately 10%
by weight of catalyst. For example, the varnish may include
approximately 50-70% by weight of epoxy resin, and all
subranges therebetween; approximately 10-20% by weight of
epichlorohydrin or an epichlorohydrin derivative, and all sub-
ranges therebetween; approximately 15-30% by weight of a
reactive diluent, and all subranges therebetween; and
approximately 1-10% by weight of catalyst, and all subranges
therebetween. Further, 1n other embodiments, the epoxy resin
may include Araldite® MT 35600 or Araldite® M'T 35700,
commercially available from Huntsman Corporation of Salt
Lake City, Utah.

The reactive diluent may be included in the varnish 166 to
adjust the viscosity to approximately 400-4000 centipoise
(cps), and all subranges therebetween, at the manufacturing
or impregnating temperature to facilitate varnishing. More
specifically, the varnish 166 may have a viscosity of approxi-
mately 400-2000 cps, and all subranges therebetween.
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According to certain embodiments, the reactive diluent may
include butyl glycidyl ether, p-t-butyl phenyl glycidyl ether,
cresyl glycidyl ether, or vinyl toluene, among others. Further,
in certain embodiments, the varnish 166 may include
approximately 20-30% by weight of the reactive diluent, and
all subranges therebetween. The catalysts may include a sec-
ondary amine, a tertiary amine, or imidazoles or their poly-
meric dermvatives, among other components that have desir-
able onset curing temperatures compatible with the
manufacturing conditions. Further, the catalyst may be stable
at room temperatures and may be triggered for crosslinking at
certain curing temperatures, such as approximately 120° C. to
130° C.

The varnish 166 may be designed to resist corrosion by
nonpolar organic working fluids at elevated temperatures of
approximately 150° C. to 250° C. For example, the varnish
166 may have a shore durometer (i.e. shore D) hardness of
greater than or equal to 90, 91, 92, 93, or 94, as measured by
ASTM D2240-05 (2010) prior to exposure to the organic
working fluid. Further, the varnish 166 may have a shore

durometer hard hardness of greater than or equal to 85, 86, 87,
88, 89, 90, 91, 92, or 93, as measured by ASTM D2240-035
(2010) after exposure for at least approximately 168 hours to
an organic working fluid, such as cyclohexane, at tempera-
tures of approximately 180° C. In another example, the var-

nish 166 may have a shore durometer hard hardness of greater
than or equal to 85, 86, 87, 88, 89, 90, 91, 92, or 93, as

measured by ASTM D2240-05 (2010) after exposure for at
least approximately 168 hours to an organic working fluid,
such as cyclohexane, at temperatures of approximately 205°

C. Further, the varnish 166 may have a shore durometer hard
hardness of greater than or equal to 83, 86, 87, 88, 89, 90, 91,

92, or 93, as measured by ASTM D2240-05 (2010) after
exposure for at least approximately 168 hours to an organic
working fluid, such as cyclohexane, at temperatures of
approximately 230° C.

Moreover, the varnish 166 may have a twisted coi1l bonding
strength of at least approximately 50, 60, 70, 80, or 90 1lbs as
measured by ASTM D4482-11 prior to exposure to the
organic working fluid. Further, the varmish 166 may have a
twisted coil bonding strength of at least approximately 50, 60,
70, 80, or 90 lbs as measured by ASTM D4482-11 after
exposure for at least approximately 168 hours to a nonpolar
organic working fluid, such as cyclohexane, at approximately
180° C. In another example, the varnish 166 may have a
twisted coil bonding strength of at least approximately 50, 60,
70, 80, or 90 lbs as measured by ASTM D4482-11 after
exposure for at least approximately 168 hours to a nonpolar
organic working fluid, such as cyclohexane, at approximately
205° C. Further, the varnish 166 may have a twisted coil
bonding strength of at least approximately 50, 60, 70, 80, or
90 Ibs as measured by ASTM D4482-11 atfter exposure for at
least approximately 168 hours to a nonpolar organic working
fluid, such as cyclohexane, at approximately 230° C.

The varnish 166 also may be designed to withstand at least
12 cycles of thermal cycling from approximately —20° C. to
165° C. without exhibiting visual cracks. More specifically,
the varnish 166 may be designed to withstand at least 25
cycles of thermal cycling from -20° C. to 1635° C. without
exhibiting visual cracks. Moreover, the volatile content of the
varnish 166 that 1s extractable by the nonpolar organic work-
ing fluid may be less than or equal approximately 4% by
weight. The varnish 166 also may have a glass transition
temperature of at least approximately 135° C., or more spe-
cifically, at least approximately 150° C. Further, the varnish
166 may be designed to have a thermal endurance of at least
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40,000 hours when exposed to the nonpolar organic working
fluid at approximately 150° C. 1n an accelerated life test using
Arrhenius extrapolation.

FIG. 9 1s a flowchart depicting a method 182 for varnishing,
a component that may be employed within an integrated
power module. For example, the method 182 may be
employed to varnish the stator 150, the bearings 128, 130, or
140, or the sensor assemblies 129, 131, or 141, separately or
together, as shown 1n FIG. 4. The method 182 may begin by
preparing (block 183) the component. For example, in certain
embodiments where the component includes stator windings
or magnetic bearing windings, the component may be
wrapped with cloth. However, in other embodiments, no
preparation may be needed and block 183 may be omitted.

The method may then continue by preheating (block 184)
the component. For example, the component may be pre-
heated 1n an oven to temperatures of approximately 70° C. to
130° C. to remove moisture from the component. After pre-
heating, the varmish may be applied (block 186) to the com-
ponent. For example, the component may be submerged 1n a
bath of the varnish for approximately 30 minutes to impreg-
nate the component with varnish. According to certain
embodiments, the component may be submerged by at least
0.25 inches below the surface of the varnish bath. The com-
ponent may then be baked (block 188) to cure the varnish. For
example, the component may be heated 1n gradual steps in an
oven for at least approximately 3 hours to reach a temperature
of approximately 160° C. Further, 1n certain embodiments,
the 1nitial curing step may be followed by a post-curing step.
For example, the component may be cured for approximately
4-12 hours at a temperature of approximately 120° C. to 130°
C. In certain embodiments, the component may be rotated to
different positions during the curing process. The component
may then be removed from the oven and allowed to cool
(block 190). For example, the component may be cooled in a
series of declining temperature steps until the component
reaches a temperature of less than approximately 60° C. As
may be appreciated, the curing process, curing temperatures,
curing times and/or cooling process, temperatures, and times
may vary based on factors such as the type of varnish
employed and the size of the component, among others. If
additional coats of varnish are desired to provide a thicker
coating, blocks 186, 188, and 190 may be repeated until the
desired thickness 1s achieved. The varnished component may
then be 1installed (block 192) within an integrated power mod-
ule.

As described below with respect to FIGS. 10-135, one or
more components employed 1n the integrated power modules
20, 22, 24, 62, and 64 also may be encapsulated with a thick,
protective encapsulating layer to inhibit contact of the work-
ing fluid with the components. Although components of any
of the integrated power modules 20,22, 24, 62, and 64 may be
encapsulated, the encapsulating techmques described herein
may be particularly well-suited to protecting components
disposed within integrated power modules that are exposed to
nonpolar organic working tluids, such as toluene or cyclohex-
ane, at elevated temperatures of approximately 150° C. to
250° C. In certain embodiments, the components may be
varnished, as described above with respect to FIGS. 5-9, prior
to encapsulation. However, 1in other embodiments, the com-
ponents may be encapsulated without varnishing the compo-
nents.

FIGS. 10 and 11 depict an embodiment of a stator 150 that
has been encapsulated. As shown in FIG. 10, the end turns 153
have been encapsulated with an encapsulant 194. Openings
196 1n the encapsulant 194 may allow the lead wires 164 to
extend from the end turn 153. The encapsulant 194 may be
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disposed on the interior and exterior surfaces of the end turns
153 and may abut the end surfaces 165 of the stator casing
154. For example, in certain embodiments, the stator 150 may
be placed 1n a mold and the encapsulant 194 may be mjected
into the interior of the stator 150 and towards the exterior
surfaces of the stator 150 to allow the encapsulant 194 to
surround the end turns 153. As shown 1n FIG. 11, which 1s a
top view of the stator 150, the encapsulant 194 may form a
ring around the end turn 1353 to allow access to the opening,
169 that extends longitudinally through the stator 1350 to
receive a rotor. In certain embodiments, the windings 152 of
the stator 150 may be varnished prior to encapsulation and/or
wrapped with cloth 164 prior to encapsulation, as described
above with respect to FIGS. 5 and 6. However, in other
embodiments, the encapsulant 194 may be 1njected directly
onto the windings 152, or may disposed directly on cloth 164
that may be wrapped around the windings 152 (e.g., the end
turns 153, FIG. 6), without an intermediate layer of varnish
166 between the component and the encapsulant 194.

FIG. 12 depicts an embodiment of a bearing actuator 170
that has been encapsulated. In certain embodiments, the bear-
ing actuator 170 may be part of a radial magnetic bearing 128
or 130 (FIG. 4). The encapsulant 194 may be disposed on the
clectromagnetic coils 176 (FI1G. 7) that are supported by the
inner ring 174. For example, the encapsulant 194 may be
disposed on the electromagnetic coils 176 through 1njection
molding. The bearing stator 172 may generally encircle the
encapsulated portion of the bearing actuator 174. In certain
embodiments, the electromagnetic coils 176 may be var-
nished prior to encapsulation and/or wrapped with cloth 164
prior to encapsulation, as described above with respect to
FIG. 7. However, in other embodiments, the encapsulant 194
may be disposed directly on the coils 176, or may disposed
directly on cloth 164 that may be wrapped around the coils
176 (FI1G. 6), without an intermediate layer of varnish 166
between the component and the encapsulant 194.

FIG. 13 1s a cross-sectional view of an embodiment of an
encapsulated component 197. The encapsulated component
197 includes an integrated power module component 180 that
has been wrapped 1n cloth 164 and coated and/or impregnated
with varnish 166. According to certain embodiments, the
component 180 may include stator windings 152. In these
embodiments, the component 180 may be copper wire coated
with high-temperature, pulse-endurance enamels. In certain
embodiments, for example, where the component 180
includes windings of an end turn 153, the component 180 may
be wrapped 1n cloth 164, which in certain embodiments, may
be an electrical grade fiberglass cloth. However, in other
embodiments, the cloth 164 may be omitted and the varnish
166 may be disposed directly on the component 180. Further,
in other embodiments, the varnish 166 may be omitted while
the cloth 164 1s still applied. In other embodiments, the com-
ponent 180 may include electromagnetic coils 176 of a bear-
ing actuator 170. Further, in yet other embodiments, the com-
ponent may include a thrust coil of an actuator for an axial
bearing 140 (FIG. 4), a component of a sensor assembly 129,
131, or 141, or another suitable component of an integrated
power module that 1s exposed to a nonpolar organic working
fluid at an elevated temperature.

The encapsulant 194 may be a high temperature, highly
filled epoxy encapsulant that i1s compatible with nonpolar
organic working tluids, such as toluene and/or cyclohexane,
at elevated temperatures of approximately 100° C. to 300° C.,
or more specifically, approximately 150° C. to 250° C., and
all subranges therebetween. The encapsulant 194 may
include an epoxy resin base that has single or multiple aro-
matic rings in 1ts backbone. For example, the epoxy resin base
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may include a phenolic base resin or anaphthalene base resin.
According to certain embodiments, the encapsulant 194 may
include Stycast® 2762 F1, commercially available from
Emerson & Cuming of Billerica, Mass.; Araldite® CW 9029,
commercially available from Huntsman Corporation; a two
part epoxy of Araldite® CW 9029 and Aradur® HW 9029,
commercially available from Huntsman Corporation; or a
two part epoxy of Araldite® CW 3725 and Aradur® HY 5726,
also commercially available from Huntsman Corporation;
among others.

Further, the encapsulant 194 may include a filler content
(e.g., mechamically reinforcing fillers) of at least approxi-
mately 50% by weight, or more specifically, at least approxi-
mately 60% by weight. According to certain embodiments,
the fillers may be designed to minimize thermal expansion
and to provide a high thermal conductivity, and to provide
resistance to the organic working fluids. For example, in
certain embodiments, the fillers may have a thermal conduc-
tivity of at least approximately 0.7 W/(m K). Moreover, in
certain embodiments, the encapsulant 194 may include a
soltening agent, such as a diglycidylether of polypropyleneg-
lycol, designed to inhibit cracking of the encapsulant 194. For
example, the encapsulant 194 may include approximately
10-20% by weight of a softening agent, and all subranges
therebetween. More specifically, the encapsulant 194 may
include approximately 10% by weight of a softening agent.
According to certain embodiments, the softening agent may
include Araldite® CY 221, commercially available from
Huntsman Corporation.

The encapsulant 194 may be designed to resist extraction
by nonpolar organic working fluids at elevated temperatures
of approximately 150° C. to 250° C. For example, the encap-
sulant 194 may have a shore durometer (1.e. shore D) hardness
of greater than or equal to 90, 91, 92, 93, or 94, as measured
by ASTM D2240-05 (2010) prior to exposure to the organic
working tluid. Further, the encapsulant 194 may have a shore
durometer hardness of greater than or equal to 85, 86, 87, 88,
89,90, 91, 92, or 93, as measured by ASTM D2240-05 (2010)
alter exposure for at least approximately 168 hours to an
organic working fluid, such as cyclohexane, at temperatures
of approximately 180° C. In another example, the encapsu-
lant 194 may have a shore durometer hard hardness of greater

than or equal to 85, 86, 87, 88, 89, 90, 91, 92, or 93, as
measured by ASTM D2240-05 (2010) after exposure for at
least approximately 168 hours to an organic working fluid,
such as cyclohexane, at temperatures of approximately 2035°
C. Further, the encapsulant 194 may have a shore durometer
hard hardness of greater than or equal to 85, 86, 87, 88, 89, 90,
91, 92, or 93, as measured by ASTM D2240-05 (2010) after
exposure for at least approximately 168 hours to an organic
working fluid, such as cyclohexane, at temperatures of
approximately 230° C.

Further, the encapsulant 194 may be designed to withstand
at least 12 cycles of thermal cycling from approximately —20°
C. to 165° C. without exhibiting visual cracks. More specifi-
cally, the encapsulant 194 may be designed to withstand at
least 25 cycles of thermal cycling from approximately —20°
C. to 165° C. without exhibiting visible cracks. Moreover, the
volatile content of the encapsulant 194 that 1s extractable by
the nonpolar organic working tluid may be less than or equal
approximately 1.5% by weight, or more specifically less than
or equal to approximately 1% by weight. Further, the encap-
sulant 194 also may have a glass transition temperature of at
least approximately 100° C.

FIG. 14 1s a cross-sectional view of another embodiment of
an encapsulated component 198. The encapsulated compo-
nent 198 i1s similar to the encapsulated component 197,
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described above withrespectto FIG. 13. However, rather than
including a varnish 166 disposed between the component 180
and the encapsulant 194, the encapsulant 194 1s disposed
directly on the component 180. According to certain embodi-
ments, the component 180 may include stator windings 152.
In these embodiments, the component 180 may include cop-
per wire coated with high-temperature, pulse-endurance
enamels. In other embodiments, the component 180 may
include electromagnetic coils 176 of a bearing actuator 170.
Further, in yet other embodiments, the component may
include a thrust coil of an actuator for an axial bearing 140
(FI1G. 4), a component of a sensor assembly 129, 131, or 141,
or another suitable component of an integrated power module
that 1s exposed to a nonpolar organic working fluid at an
clevated temperature.

FIG. 15 1s a flowchart depicting a method 200 for encap-
sulating a component that may be employed within an inte-
grated power module. For example, the method 200 may be
employed to encapsulate the stator 150, the bearings 128,
130, or 140, or the sensor assemblies 129, 131, or 141, shown
in FIG. 4. The method 200 may begin by preparing (block
202) the component. For example, in certain embodiments
where the component includes stator windings or magnetic
bearing windings, the component may be wrapped with cloth
and/or varnished as described above with respect to FIG. 9.
However, in other embodiments, no preparation may be
needed and block 202 may be omitted.

The processing method may then continue by placing
(block 202) the component within a mold. According to cer-
tain embodiments, the mold may be designed to surround
portions of the component to be encapsulated. For example,
in embodiments where the component 1ncludes stator wind-
ings 152, the mold may be designed to encircle the interior
and exterior of the end turns 153 (FIG. 6). Further, in certain
embodiments, the mold may be preheated, for example, to
approximately 60° C. to 80° C. to facilitate curing and
reduced viscosity for improved flow of encapsulant within the
mold. Once the component 1s disposed 1n the mold, the encap-
sulant may be ijected (block 206) into the mold. For
example, in embodiments where the component includes sta-
tor windings 152, the encapsulant may be ijected into the
interior of the end turns 133 and towards the exterior of the
end turns 153 (FIG. 6). Further, 1n embodiments where the
encapsulant 1s a two-part epoxy system, the encapsulant
materials may be mixed prior to injection of the encapsulant
into the mold.

The encapsulant may then be allowed to cure (block 208)
within the mold. For example, the encapsulant may be cured
for approximately 4-6 hours at a temperature ol approxi-
mately 80° C. In another example, the encapsulant may be
cured for approximately 2 hours at approximately 100° C.
Further, in certain embodiments, the mnitial curing step may
be followed by a post-curing step. For example, the encapsu-
lant may be post-cured 1n the mold for approximately 2 hours
at a temperature ol approximately 140° C. In another
example, the encapsulant may be post-cured for approxi-
mately 10 hours at a temperature of approximately 130° C. As
may be appreciated, the curing process, temperatures, and/or
times may vary based on factors such as the type of encapsu-
lant employed and the size of the component, among others.
After curing, the mold may be removed (block 210) and the
encapsulated component may then be installed (block 212)
within an mtegrated power module.

As described above, the varnished components and/or the
encapsulated components may be particularly well suited for
use 1n integrated power modules that circulate nonpolar
organic solvents, such as cyclohexane and/or toluene, at
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clevated temperatures of approximately 100° C.t0 300° C., or
more specifically, approximately 150° C. to 250° C. The
varnish and/or the encapsulant may provide a thick protective
layer designed to provide bonding and sealing properties that
inhibit contact between the underlying component and the
nonpolar organic solvents. The protective layer may allow
nonpolar organic solvents, such as toluene and/or cyclohex-
ane, that are particularly etficient at recovering waste heat to
be used 1n the ORC systems without degrading components
of the itegrated power modules.

This written description uses examples to disclose the
invention, icluding the best mode, and also to enable any
person skilled 1n the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
1s defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims 1f they have
structural elements that do not differ from the literal language
of the claims, or 1f they include equivalent structural elements
with insubstantial differences from the literal language of the
claims.

The mnvention claimed 1s:

1. A system comprising:

a generator configured to recerve a flow of an organic
working tluid that flows at least through the generator or
around an exterior of the generator within a casing,
wherein the generator comprises:

a stator;

a permanent magnet rotor that rotates about an axis
within the stator to generate electricity; and

one or more components disposed within the generator
in one or more positions exposed to the flow of the
organic working fluid, wherein the one or more com-
ponents each comprise an underlying component, and
an encapsulant that withstands exposure to the
organic working fluid to inhibit contact between the
underlying component and the organic working tluid.

2. The system of claim 1, wherein the one or more compo-
nents comprise a stator electrical winding, a stator end turn, a
radial magnetic bearing, an axial bearing, or a sensor assem-
bly, or a combination thereof.

3. The system of claim 1, wherein the underlying compo-
nent 1s wrapped with cloth, and wherein the encapsulant 1s
disposed on the cloth.

4. The system of claim 1, wherein the organic working fluid
comprises toluene, cyclohexane, or a nonpolar, organic sol-
vent with a lower solubility than cyclohexane, and wherein
the solubility 1s quantified by a Hildebrand solubility param-
eter.

5. The system of claim 1, wherein the encapsulant com-
prises a filled epoxy encapsulant comprising at least approxi-
mately 50% by weight of mechanically reinforcing fillers.

6. The system of claim 1, wherein the encapsulant 1s con-
figured to withstand exposure to the organic working fluid at
temperature of at least approximately 150° C. to 250° C.

7. The system of claim 1, wherein at least one of the one or
more components 1s impregnated with a varnish configured to
withstand exposure to the organic working fluid.

8. The system of claim 1 comprising:

a first organic Rankine cycle system comprising the gen-
erator and configured to circulate the organic working
fluid through a cycle of expansion and pressurization;
and

a second organic Rankine cycle system disposed 1n a cas-
cade configuration with the first organic Rankine cycle
system.
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9. A system comprising;:

a one-piece casing having a passage between a first portion
and a second portion of the one-piece casing, wherein
the passage 1s configured to receive an organic working
fluad through the one-piece casing;

a turbine disposed 1n the passage of the one-piece casing
and configured to expand the organic working fluid;

a generator disposed 1n the passage of the one-piece casing,

and configured to recerve a flow of the organic working

fluid exiting the turbine, wherein the generator com-

prises:

a stator comprising an electrical winding end turn encap-
sulated by an encapsulant configured to withstand
exposure to the organic working fluid to 1nhibit con-
tact between the electrical winding end turn and the
organic working fluid; and

a permanent magnet rotor configured to rotate within the
stator to generate electricity.

10. The system of claim 9, wherein the generator 1s con-
figured to direct the flow of the organic working tluid through
the generator between the stator and the rotor.

11. The system of claim 9, wherein the electrical winding
end turn 1s impregnated with a varnish configured to with-
stand exposure to the organic working tluid.

12. The system of claim 9, wherein the electrical winding
end turn 1s wrapped 1n an electrical grade fiberglass cloth
disposed between the electrical winding end turn and the
encapsulant.

13. The system of claim 9, wherein the encapsulant com-
prises a lilled epoxy encapsulant comprising at least approxi-
mately 60% by weight of mechanically reinforcing fillers.

14. The system of claim 9, comprising a radial magnetic
bearing configured to support the permanent magnet rotor,
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wherein the radial magnetic bearing comprises electromag-
netic coils encapsulated with the encapsulant.
15. The system of claim 14, wherein the electromagnetic
coils are impregnated with a varnish configured to withstand
exposure to the organic working fluid.
16. A method comprising:
flowing an organic working fluid through a first one-piece
casing having a first passage between a first portion and
a second portion of the first one-piece casing;

driving a first turbine disposed within the first passage of
the first one-piece casing with the organic working fluid
flowing through the first passage; and

generating power with a first generator coupled to the first

turbine, wherein the first generator 1s disposed within the
{irst passage.

17. The method of claim 16, wherein the first generator
comprises a stator with an exterior surface and rotor disposed
within the stator.

18. The method of claim 17, comprising flowing the
organic tluid along the exterior surface of the stator.

19. The method of claim 17, comprising flowing the
organic fluid 1n a gap between the stator and the rotor.

20. The method of claim 16, comprising:

flowing the organic working fluid exiting the first one-

piece casing 1mnto a second one-piece casing having a
second passage;

driving a second turbine disposed within the second pas-

sage of the second one-piece casing with the organic
working fluid; and

generating power with a second generator coupled to the

second turbine, wherein the second generator 1s dis-
posed within the second passage.
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